The ER is a large membrane-enclosed cellular organelle in which secretory and membrane-bound proteins are folded into their final three-dimensional structures, lipids and sterols are synthesized, and free calcium is stored 1, 2 . Conditions that interfere with proper functioning of the ER create a state defined as ER stress and lead to activation of the UPR [3] [4] [5] .
The ER is a large membrane-enclosed cellular organelle in which secretory and membrane-bound proteins are folded into their final three-dimensional structures, lipids and sterols are synthesized, and free calcium is stored 1, 2 . Conditions that interfere with proper functioning of the ER create a state defined as ER stress and lead to activation of the UPR [3] [4] [5] .
The UPR is conveyed to the cell through three main signaling pathways. The first two pathways are initiated by type I transmembrane kinases, PKR-like endoplasmic reticulum kinase (PERK) and inositol requiring enzyme-1 (IRE1), and the third pathway launches with activation of a type II transmembrane protein called activating transcription factor-6 (ATF6) [1] [2] [3] [4] [5] . Activation of PERK during ER stress leads to phosphorylation of eukaryotic translation initiation factor-2α at Ser51 and consequently results in global translational attenuation 6, 7 . IRE1, on the other hand, has both kinase and endoRNase activity [8] [9] [10] [11] . The endoRNase domain of IRE1 splices the mRNA of a transcription factor called X-boxbinding protein-1 (XBP-1), removing a 26-bp segment from the full-length XBP-1 messenger RNA that creates a translational frame shift leading to the expression of a higher-molecular-weight protein, XBP-1s [12] [13] [14] . XBP-1s is a highly active transcription factor and is one of the master regulators of ER folding capacity. It upregulates the gene expression of ER chaperones 15 and components of the ER-associated degradation pathway 15 and is also crucial in ER expansion 16, 17 . Despite its central roles in the UPR response, in cellular machinery and in many disease states, including leptin and insulin resistance 18, 19 , current knowledge regarding the regulation of XBP-1 activity is extremely limited.
PI3K is one of the main nodules in growth factor signaling and consists of a p85 repressive regulatory subunit and a p110 catalytic subunit [20] [21] [22] [23] . This nodule aids in conveying signals from receptor tyrosine kinases to the downstream targets in the cell, leading to activation of divergent signaling pathways that have central roles in various cellular processes, such as glucose homeostasis, protein synthesis, growth and differentiation [20] [21] [22] [23] [24] . The p85 regulatory subunit is crucial in mediating the activation of class IA PI3K by receptor tyrosine kinases 22 . Binding of p85 to activated receptor tyrosine kinases or adaptor proteins, such as insulin receptor substrate-1 (IRS1) and IRS2, relieves the basal repression of p110, allowing for the activation of the catalytic subunit.
In addition to being a regulatory subunit for p110, it is becoming evident that p85 also interacts with other proteins, such as the small GTPase cdc42 (refs. 25,26) , nuclear receptor co-repressor 27 and a transmembrane tyrosine phosphatase (CD148) 28 , and that it is involved in other cellular processes. Here we have identified p85 as an interacting protein with XBP-1s and investigated the consequences of this interaction during ER stress and metabolic disease.
RESULTS p85 and p85 increase nuclear transport of XBP-1s
To identify proteins that interact with XBP-1s, we overexpressed XBP-1s in mouse embryo fibroblasts (MEFs) with adenoviruses that encode either a Flag-tagged XBP-1s (Ad-XBP-1s-Flag) or a LacZ (Ad-LacZ) control. After Flag immunoprecipitation, we pooled the eluates and resolved them on an SDS-PAGE gel, and we visualized the bands by silver staining (Fig. 1a) . Then we analyzed the bands by tandem mass spectroscopy. An abundant peptide sequence was ISEIIDSR, the amino acid sequence of p85α at residues 535-542 residues (Fig. 1b) . In addition, another dominant peptide sequence (VLSEIFSPVLFR) corresponded to residues 263-274 of p85α (data not shown). We next wanted to investigate whether XBP-1s associates directly with p85α or whether the interaction indicated by the tandem mass spectroscopy analysis was an artifact.
The regulatory subunits of PI3K, p85α and p85β, interact with XBP-1 and increase its nuclear translocation For this purpose, we expressed XBP-1s and p85α in MEFs by infecting the cells with Ad-XBP-1s and p85α-expressing adenovirus (Ad-p85α) and performed XBP-1 immunoprecipitation. We western blotted the precipitate with an antibody that is specific for the p85 SH2 domain. p85α and XBP-1s co-immunoprecipitated, confirming their interaction (Fig. 1c) .
Considering that p85α and p85β share a marked structural homology 22, 23 , we investigated whether XBP-1s also binds p85β. For this purpose, we infected MEFs with Ad-XBP-1s and p85β-expressing adenovirus (Ad-p85β) and subsequent XBP-1 immunoprecipitation resulted in coimmunoprecipitation of p85β (Fig. 1d) . Next, we performed the reverse coimmunoprecipitation experiment by infecting MEFs with either hemagglutinin (HA)-tagged p85α (Ad-p85α-HA) or HA-tagged p85β (Ad-p85β-HA) with or without Ad-XBP-1s and analyzed whether we could detect XBP-1s in these immunoprecipitates. We pulled down the p85α and p85β with an HA-specific antibody that was crosslinked to beads and performed western blotting for XBP-1s. Our results showed that XBP-1s was present in these immunoblots, confirming its interaction with p85α and p85β (Fig. 1e) .
To take the first steps toward understanding the physiological role of the interaction between p85 and XBP-1s, we examined whether p85α or p85β have modulatory effects on XBP-1s activity. We thus expressed XBP-1s with p85α or p85β and analyzed the mRNA levels of various genes that are the targets of XBP-1s, such as Dnajb9 (encoding endoplasmic reticulum-localized DnaJ homologues), Pdia3 (encoding protein disulfide isomerase family A, member 3) and Herpud1 (encoding homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member-1). Quantitative PCR analysis showed that expression of XBP-1s with p85α or with p85β significantly increased its ability to upregulate the transcription of Dnajb9, Pdia3 and Herpud1, suggesting that p85α and p85β both increase XBP-1s activity (Fig. 1f,g ). Over-expression of p85α or p85β together with XBP-1s did not increase mRNA levels of XBP-1s (Supplementary Fig. 1 ).
Considering the fact that XBP-1s activity was increased by p85α or p85β and that there are substantial data showing that p85 translocates to the nucleus and can bind nuclear proteins 27,29-31 , we asked whether p85 regulates the nuclear import of XBP-1s. To investigate this hypothesis, we infected the cells with increasing doses of Ad-p85α or Ad-p85β while keeping the dose of Ad-XBP-1s constant and then analyzed the XBP1s levels in the nuclear fractions. Increasing the expression of p85α or p85β led to a higher translocation of XBP-1s to the nucleus (Fig. 2a,b) . Furthermore, we found that the upregulation of nuclear translocation of XBP-1s in the presence of p85 was not due to an increase in the stability of XBP-1s protein, as p85α did not alter the degradation rate of XBP-1s protein (Supplementary Fig. 2 ).
To investigate whether p110 is also involved in p85-mediated XBP-1s nuclear translocation, we first infected the cells with Ad-XBP-1s along with increasing doses of adenovirus that encodes the amino terminus of p85α (Ad-p85N-HA), which lacks the p110-binding region. In spite of its inability to bind p110, this version of p85α was still capable of increasing the nuclear translocation of XBP-1s (Fig. 2c) .
The B cell receptor homology (BH) domain within the amino terminus of p85 was previously shown to mediate the interactions of p85 with other proteins such as cdc42 (refs. 25,26) . Taking this information into account, we investigated whether p85α lacking the BH domain (p85α∆BH-HA) could still interact with XBP-1s. We infected MEFs with either Ad-XBP-1s and Ad-p85α-HA or Ad-XBP-1s and Ad-p85α∆BH-HA and performed XBP-1s immunoprecipitation. p85α∆BH-HA did not immunoprecipitate with XBP-1s (Fig. 2d) , indicating that p85 interacts with XBP-1s through its BH domain. Indeed, p85α∆BH-HA failed to increase XBP-1s nuclear translocation (Fig. 2e) . b (7) y*(7) b0 (6) y (6) y (5) b (6) b (5) y (4) b (4) y(3) y(2)
b0 (2) y (1) y0 ( We next investigated whether p110 exists in the p85-XBP-1s complexes. For this purpose, we infected MEFs with Ad-p110, Ad-XBP-1s, Ad-XBP-1s and Ad-p110, Ad-XBP-1s, Ad-p85α and Ad-p110 or Ad-XBP-1s, Ad-p85β and Ad-p110 and immunoprecipitated the XBP-1s. We found no evidence of the existence of p110 in the p85-XBP-1 complex (Fig. 2f) . Next, we infected MEFs with a constant dose of Ad-XBP-1s while treating with increasing doses of Ad-p110. We found that p110 did not increase nuclear translocation of XBP-1s and even led to a slight decrease in the nuclear abundance of XBP-1s (Fig. 2g) .
As our data to this point indicated that the p85-XBP-1s and p85-p110 complexes are independent of each other, we were interested in determining whether additional expression of p110 would create a squelching effect on p85 by decreasing the availability of p85 to interact with XBP-1s. Our results indeed showed that increasing the expression of p110, while keeping the abundance of p85α or p85β and of XBP-1s constant, reduced the p85-mediated upregulation of nuclear translocation of XBP-1s (Fig. 2h,i) . In addition, treatment of cells with wortmannin, inhibiting p110 catalytic activity, did not affect the p85α-mediated nuclear translocation of XBP-1s (Fig. 2j) .
Next, to test whether overexpression of p85α or p85β increases the ability of the cells to recover from the ER stress, we infected MEFs with Ad-LacZ, Ad-p85α or Ad-p85β and stimulated them with 100 mM dithiothreonine (DTT). We analyzed the recovery from ER stress by determining the degree of PERK phosphorylation at residue Thr980. Stimulation of the LacZ-infected cells led to robust activation of ER stress ( Supplementary Fig. 3a,b) . The degree of PERK Thr980 phosphorylation in the LacZ-infected group declined over time but still remained high even 4 h after the removal of DTT from the cells ( Supplementary  Fig. 3a,b) . In contrast, overexpression of p85α or p85β markedly shortened the recovery time from the ER stress ( Supplementary  Fig. 3a,b) . Two hours after DTT removal, PERK Thr980 phosphorylation was barely visible, and it was completely diminished at the 4-h time point in the Ad-p85α-or Ad-p85β-infected cells ( Supplementary Fig. 3a,b) . These data indicate that p85α and p85β increase the capacity of cells to cope with ER stress. Furthermore, overexpression of neither p85α∆BH nor p85β∆BH improved the ability of cells to recover from ER stress after DTT stimulation ( Supplementary Fig. 3c,d ).
p85α and p85β migrated to the nucleus when we infected MEFs with Ad-p85α or Ad-p85β (Fig. 2a,b) . To analyze whether the translocation of p85α or p85β was affected by XBP-1s, we compared the nuclear abundance of p85α or p85β in the absence or presence of XBP-1s. We found that XBP-1s did not alter the p85α and p85β migration pattern to the nucleus even when very highly expressed, which suggests that XBP-1s cannot promote the nuclear transport of the p85 isoforms ( Supplementary Fig. 4a,b ). p85 and p85 form an insulin-sensitive heterodimer Next, we examined whether expression of p85α and p85β together with XBP-1s would further increase the nuclear translocation of XBP-1s. We found that when we increased the p85β input while keeping p85α and XBP-1s expression constant, p85α-mediated upregulation of XBP-1s in the nucleus was reduced (Fig. 3a) . We obtained similar results when we gradually increased the dose of Ad-p85α while keeping the expression of p85β and XBP-1s constant (Fig. 3b) . These results suggested a competitive interaction among p85α, p85β and XBP-1. Considering that both isoforms of p85 neutralized the effect of the other on XBP-1s, we hypothesized that p85α and p85β might bind each other and that this interaction is stronger than their interaction with XBP-1s. To test this postulate, we expressed a Flag-tagged p85α (p85α-Flag) with an HA-tagged p85β (p85β-HA) in MEF cells by adenovirus-mediated infection and performed Flag immunoprecipitation. This procedure did not lead to precipitation of p85β-HA when it was expressed alone (Fig. 3c) . However, immunoprecipitation of the Flag tag successfully brought down the p85β-HA when it was expressed with p85α-Flag, suggesting that p85α and p85β interact with each other. Indeed, when we reblotted the same membrane with SH2-specific antibody which recognizes both p85α and p85β, the amount of SH2 signal in the p85α and p85β coexpression condition was markedly more than that in the p85α-Flag alone condition (Fig. 3c) . This result provided additional support that immunoprecipitation of p85α also pulls down another isoform of p85, p85β, in our experimental conditions (Fig. 3c) .
We next wanted to determine whether insulin, one of the central regulators of PI3K activity, modulates the interaction between p85α and p85β. To address this question, we infected MEFs with low doses of Ad-p85α-Flag and Ad-p85β-HA, starved them overnight and then stimulated them with insulin for various lengths of time. Subsequently, we pulled down p85α by immunoprecipitation of Flag and immunoblotted for HA to analyze whether the association between p85α and p85β was affected by insulin treatment. Exposure of cells to insulin dissociated these two proteins in a time-dependent manner (Fig. 3d) . Thus, our results have identified a previously unknown role for insulin signaling in modulating the interaction between the two isoforms of p85. Furthermore, chemical inhibition of p38 mitogen-activated protein kinase, c-Jun amino terminal kinase or PI3K did not block insulin-induced dissociation of p85α and p85β (Supplementary Fig. 5 ).
Insulin increases nuclear translocation of XBP-1s
Considering that p85α and p85β each interact with XBP-1s and that insulin stimulation dissociates p85α from p85β, we then asked whether insulin stimulation could increase the binding of p85α and p85β to XBP-1s and consequently increase the latter's nuclear translocation. Thus, we infected MEF cells with Ad-XBP-1s and exposed them to insulin for 5 or 10 min after 14 h of serum deprivation. Insulin stimulation markedly increased the translocation of XBP-1s to the nucleus without altering its total protein levels (Fig. 3e) . These results define a previously undescribed insulin receptor signaling pathway.
We next wanted to determine whether reductions in p85α and p85β inhibits insulin-mediated nuclear translocation of XBP-1s and whether deficiency of p85α and p85β increases the vulnerability of cells to ER stress. We knocked down p85α and p85β in MEFs with an shRNA lentivirus system specific for p85α and p85β mRNA (Supplementary Fig. 6 ) to create double-knockdown cells (DKD) and used an empty virus (pLKO) to create a control cell line, PLKO. We analyzed gene expression and protein abundance of p85α and p85β in the DKD and PLKO cell lines. mRNA and protein levels for p85 were markedly reduced in the DKD cells, relative to those in the PLKO controls (Fig. 3f,g ). After establishing the stable cell lines, we infected the DKD cells with Ad-XBP-1s and examined whether insulin was still capable of increasing the nuclear transport of XBP-1s. Insulin stimulation did not increase nuclear translocation of XBP-1s in doubleknockdown cells (Fig. 3h) , indicating that p85α and p85β have a key role in insulin-stimulated nuclear translocation of XBP-1s. We also investigated the responses of DKD and PLKO cells to ER stress. After overnight starvation, we subjected cells to tunicamycin (0.75 µg ml −1 ) treatment and analyzed the splicing of XBP-1. XBP-1s mRNA began to form after 2 h of tunicamycin stimulation and reached maximal levels at 3 h in the PLKO cells (Fig. 3i) . However, the splicing of XBP-1 was initiated in the DKD cells much more rapidly, starting at 30 min after exposure to the same dose of tunicamycin (Fig. 3i) .
To investigate whether these results were indeed due to a defect in XBP-1s translocation to the nucleus, we stimulated the PLKO and DKD cells with 2 µg ml −1 of tunicamycin for 1, 2 and 3 h and isolated nuclear fractions to analyze the XBP-1s levels. Stimulation of PLKO cells with tunicamycin led to a substantial increase in migration of XBP-1s to the nucleus at the 2-h and 3-h time points (Fig. 3j) . However, tunicamycin-stimulated XBP-1s translocation to the nucleus was severely retarded in the DKD cells, indicating a crucial role of p85α and p85β in this process (Fig. 3j) . There was also a reduction in XBP-1s protein amounts in whole-cell lysates of the DKD cells; however, this reduction was not comparable to the reduction in nuclear translocation of XBP-1s in DKD cells (Fig. 3j) .
Defective XBP-1s action and chaperone response in obesity
Under normal circumstances, the spliced form of XBP-1 is present at extremely low levels in tissues, including in the liver. Physiologic ER stress can be created in the liver by feeding the mice after a fasting period 32 ; this process not only creates ER stress but also activates insulin receptor signaling, a condition that is ideal for testing whether XBP-1s and p85 associate in vivo and whether this interaction is defective in a genetic model of obesity.
For this reason, we first fasted wild-type (WT) and ob/ob mice for 24 h and then gave them food ad libitum. We collected the liver after fasting and 1, 3 and 5 h after refeeding and then determined the levels of XBP-1s mRNA. Refeeding markedly increased the XBP-1 splicing in the WT mice (Fig. 4a) , suggesting that the metabolic load created by refeeding led to the development of ER stress. We obtained similar results in the ob/ob mice (Fig. 4a) . The level of XBP-1 splicing was comparable between WT and ob/ob mice at 1 h after refeeding (Fig. 4a) . In the WT mice, XBP-1s mRNA levels declined at 3 h and almost completely disappeared after 5 h of refeeding (Fig. 4a) . Despite the fact that XBP-1s mRNA levels also declined at the 3-h time point in the liver of ob/ob mice, the presence of considerably higher mRNA levels of XBP-1s 5 h after refeeding indicated that, in the fed state, the obese mice could not resolve the ER stress as well as the WT mice did (Fig. 4a) . We also measured the amount of XBP-1s protein in total liver lysates and detected a clear induction of XBP-1s protein expression in WT mice after refeeding (Fig. 4b) . We also observed induction of XBP-1s protein expression in ob/ob mice, but to a lower extent relative to the WT mice (Fig. 4b) . However, the increased XBP-1s protein amounts from fasting to the refed state were comparable in WT and ob/ob mice (Fig. 4b) .
We also analyzed the protein expression of XBP-1s in isolated nuclear fractions of the liver in the fasting state and at several time points after refeeding. In parallel with the levels of XBP-1s mRNA and total protein, nuclear protein amounts of XBP-1s were increased in the nuclear fractions of the liver of WT mice at 1 h after feeding and were undetectable at 3 and 5 h (Fig. 4c) . In contrast, we did not detect any XBP-1s protein in nuclear extracts of the liver of ob/ob mice in ; P values were determined by Student's t test ( # P = 0.6, *P < 0.05, **P < 0.01, ***P < 0.001).
three independent experiments (Fig. 4c) , even under conditions in which ob/ob samples were loaded at three times higher amounts than WT (data not shown), indicating a severe defect in translocation of XBP-1s to the nucleus in the ob/ob liver. Next, we performed XBP-1s immunoprecipitation to investigate whether p85 immunoprecipitates with XBP-1s during refeeding conditions. We found that p85 immunoprecipitated with XBP-1s 1 h after refeeding in the WT mice (Fig. 4c) , indicating that these two proteins also interact under in vivo conditions. This interaction was markedly reduced in the ob/ob mice (Fig. 4c) . Furthermore, when we analyzed gene expression patterns, expression of chaperones such as Herpud1, Dnajb9, Pdia3 and Calr (encoding calreticulin) was considerably upregulated in the WT liver, whereas this chaperone response was totally blunted in the ob/ob mice (Fig. 4d-g) .
These results could be due to two different reasons; first, ob/ob mice may have a high-capacity ER that can handle a refeeding-induced metabolic overload without developing substantial ER stress and requiring additional chaperones and UPR activation. Second, despite the fact that ER stress is increased and UPR signaling is activated in ob/ob mice, they may be defective in responding to the increased load owing to the reduced XBP-1s translocation to the nucleus, thus being unable to upregulate the chaperones.
If the lack of ER stress (the first possibility) in the liver of the ob/ob mice during refeeding were the case, PERK signaling would not be triggered, as ER stress would have already been resolved without much upregulation of chaperones. However, with the second possibility, a marked increase in PERK phosphorylation would be expected after refeeding as a result of the lack of a chaperone response and the consequent unresolved ER stress. We therefore analyzed the PERK phosphorylation in WT and ob/ob liver during fasting and refeeding conditions. There was a slight increase in PERK phosphorylation after 1 and 3 h of refeeding in the liver of the WT mice (Fig. 4h) ; this phosphorylation was rapidly eliminated, leaving no detectable phosphorylated PERK, at 5 h after refeeding (Fig. 4h) . These data indicate that the chaperone response was, indeed, enough to block severe activation of UPR in the WT mice. However, refeeding led to marked PERK phosphorylation in ob/ob mouse liver, which was not abated even 5 h after refeeding (Fig. 4h). p85 or p85 restore glucose homeostasis in ob/ob mice The lack of p85 binding to XBP-1s, the defective translocation of XBP-1 to the nucleus, the diminished chaperone response and the consequent marked PERK phosphorylation in the ob/ob mice during refeeding suggest that the interaction between p85 and XBP-1s is crucial in the regulation of metabolic homeostasis in the liver. Furthermore, if these postulates are true and if the lack of p85-XBP-1s interaction in the liver of ob/ob mice is essential for downregulation of XBP-1s activity and consequently for development of ER stress, glucose intolerance and type 2 diabetes, then increasing the free levels of p85α or p85β in the liver of ob/ob mice should reinstate the ability of XBP-1s to translocate to the nucleus and, consequently, reduce ER stress and increase glucose tolerance. (j) XBP-1s nuclear protein amounts and Lamin A/C control levels in the liver at fasting and 1, 3 and 5 h after refeeding. Each experiment was repeated independently three times. Error bars are means ± s.e.m.; P values were determined by Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001).
To test this hypothesis, we overexpressed p85α or p85β in the liver of ob/ob mice by tail vein injection of Ad-p85α or Ad-p85β and Ad-LacZ as a control (Fig. 5a) . After 4 d of injection, we fasted the mice for 6 h and measured blood glucose concentrations. Blood glucose concentrations of the Ad-p85α-or Ad-p85β-injected group were at euglycemia levels and were dramatically lower than those in the Ad-LacZ-injected group (Fig. 5b) . Glucose tolerance test (GTT) at day 6 revealed a major improvement in the glucose disposal rate in the p85α-or p85β-overexpressing groups (Fig. 5c) .
In another experiment, we overexpressed p85α in the liver of ob/ob mice by tail vein injection of Ad-p85α and then subjected the mice to the fasting and refeeding regimen starting on day 6 after injection. The overexpression of p85α restored the ability of XBP-1s to migrate to the nucleus (Fig. 5d) and, in fact, blocked development of ER stress during refeeding; PERK phosphorylation on Thr980 was markedly blocked during refeeding in the ob/ob mice (Fig. 5d) . In parallel to these observations, refeeding-induced chaperone upregulation was also significantly increased (Fig. 5e,f) .
We next overexpressed p85α∆BH or p85β∆BH in the liver of ob/ob mice by tail vein injection of Ad-p85α∆BH or Ad-p85β∆BH and Ad-LacZ as a control (Fig. 5g) . We measured the blood glucose concentrations at the 6-h fasted state at day 4 after injection; there was a slight increase in the blood glucose concentrations of the p85α∆BH-and p85β∆BH-overexpressing groups, but these alterations were not significant (Fig. 5h) . GTT at day 6 after injection showed that glucose disposal curves after glucose injection were not different among the groups (Fig. 5i) . These results show that the BH domain is necessary for p85 to act on XBP-1s. Indeed, migration of XBP-1s was still defective in the Ad-p85α∆BH-or Ad-p85β∆BH-injected ob/ob mice (Fig. 5j) .
Defective XBP-1s translocation in Pik3r1 −/− ;Pik3r2 −/− mice We also sought to investigate whether depletion of p85α and p85β in the liver of lean mice influences fasting and refeeding-induced translocation of XBP-1s to the nucleus. For this purpose, we used the Pik3r1 f/f ;Pik3r2 −/− mouse model. At 7 weeks of age, we split male Pik3r1 f/f ;Pik3r2 −/− mice into two groups. The first group was injected with Ad-LacZ and the second was injected with Cre recombinase-expressing adenovirus (Ad-Cre) through the tail vein. To determine whether Cre-mediated recombination was complete, we isolated DNA from the liver of the Ad-LacZ-and Ad-Cre-injected mice. Expression of Cre led to complete recombination of the Pik3r1 allele in the liver of Pik3r1 f/f ;Pik3r2 −/− mice (Fig. 6a) . Analysis of protein amounts in the liver samples of Pik3r1 f/f ;Pik3r2 −/− mice injected with Ad-Cre revealed a marked reduction in the amount of p85 protein (Fig. 6b) . We starved both groups for 24 h at 14 d after injection and then refed them for 1 h. Refeeding-induced XBP-1s translocation to the nucleus was lost in the Cre-injected group (Fig. 6c) . In parallel to the blunted XBP-1s migration to the nucleus, chaperone response in the liver of Ad-Cre-injected Pik3r1 f/f ;Pik3r2 −/− mice was significantly reduced when compared with the Ad-LacZinjected group (Fig. 6d-f) .
Taken together, our results indicate that p85α and p85β are crucial partners of XBP-1s and mediate translocation of XBP-1s to the nucleus.
DISCUSSION
XBP-1 is a b-ZIP transcription factor that belongs to the ATF-cAMP response element-binding protein family of transcription factors. Together with ATF6, it orchestrates the UPR in ER stress conditions 2, 3 . To date, understanding of the factors that modulate the activity of XBP-1 or its binding partners is fragmentary. Our results here have identified a previously unknown function of p85α and p85β and have shown that, in addition to being regulatory subunits for p110, p85α and p85β also function as regulatory subunits for XBP-1s. We showed that both p85α and p85β bind XBP-1 and increase its nuclear translocation. The absence of p110 in the XBP-1-p85 complex strongly supports the notion that regulation of XBP-1s activity by p85α or p85β is not related to the known function of class I PI3K. Furthermore, treatment with either a P13K inhibitor (LY-204002) or a P13K-mammalian target of rapamycin inhibitor (BEZ235) led to an increase in XBP-1s translocation in MEFs that were infected with Ad-XBP-1s (data not shown), which indicates that increased p110 catalytic activity cannot be responsible for p85-mediated nuclear translocation of XBP-1s.
In addition, by demonstrating that the interaction between p85 and XBP-1 is stimulated by insulin signaling, and that insulin increases the nuclear concentration of XBP-1s by disrupting the heterodimerization of p85α and p85β and thus promoting their association with XBP-1s, we have not only uncovered a previously unknown interaction between p85 and XBP-1s but also identified a new pathway for signaling via the insulin receptor (Supplementary Fig. 7 ).
More noteworthy, we showed that this mechanism is defective in obese and insulin-resistant ob/ob mice, which are unresponsive to ER stress during refeeding as marked by reductions in XBP-1s nuclear translocation and consequent chaperone upregulation. Although ER stress was resolved in WT mice without much PERK phosphorylation Figure 6 Nuclear translocation of XBP-1s is impaired in the liver-specific Pik3r1 −/− ;Pik3r2 −/− mice. Seven-week-old, male Pik3r1 f/f ;Pik3r2 −/− mice were injected with Ad-LacZ (n = 6) (7.5 × 10 9 PFU per mouse) and Ad-Cre (n = 6) (7. ; P values were determined by Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001).
during refeeding, obese mice developed severe UPR, which was not resolved at the postprandial states owing to their inability to activate the necessary XBP-1s-derived chaperone machinery. Our experiments have led to an unexpected discovery that when the amount of p85α or p85β is increased in the liver of obese and diabetic ob/ob mice, glucose tolerance is substantially increased and blood glucose concentrations are reduced to euglycemia. Furthermore, in p85-overexpressing liver XBP-1s, translocation to the nucleus was reinstated, the chaperone response was restored and PERK phosphorylation during refeeding was greatly reduced. The lack of these responses after overexpression of BH-mutant p85α, which cannot bind XBP-1s, strongly indicates that the interaction between XBP-1s and p85α is crucial for the observed effects of p85 in ob/ob mice. These results indicate that increasing the availability of free p85 in obese and diabetic states could provide a new therapeutic strategy for treatment of type 2 diabetes.
In complete agreement with the gain-of-function experiments, silencing of p85α and p85β expression led to severe defects in tunicamycin-induced XBP-1s translocation to the nucleus and increased the vulnerability of these cells to developing ER stress. Furthermore, depletion of p85α in the liver of Pik3r1 f/f ;Pik3r2 −/− mice with Ad-Cre infections completely blocked XBP-1s translocation to the nucleus during fasting and refeeding experiments. These results show that p85α and p85β are prerequisites for XBP-1s to migrate to the nucleus during metabolic overloading.
What could be the advantage of this mechanism? Insulin levels increase sufficiently to activate a potent downstream intracellular signaling response when organisms are exposed to an excess of nutrient availability. Activation of insulin receptor signaling increases protein synthesis and nutrient storage and promotes differentiation and growth 20, 21, 23 . This metabolic processes can lead to ER stress. Phosphorylation of PERK during UPR reduces global translation initiation to reduce the load of protein folding in the ER and resolve stress 6, 7 . However, under conditions where more protein synthesis is required, such as during insulin and other growth factor signaling, early activation of PERK can lead to premature cessation of protein synthesis, and increased IRE1 kinase activity can block insulin receptor signaling. At this point, we presume that active insulin receptor signaling increases the efficiency of XBP-1s by promoting its association with p85, leading to faster and higher upregulation of the chaperones. This mechanism could be highly beneficial for the cell to handle the increasing load in the ER, without activating the three arms of the UPR that would otherwise block protein synthesis and also inhibit IRS activity.
This delicate crosstalk between the PI3K system and the UPR might have evolved to ensure the utilization of nutrients at the highest level of their availability. The UPR is a key part of the cellular antiviral armamentarium 33 . During viral infections, especially infections by enveloped viruses, there is a heavy demand for membrane proteins and lipids for morphogenesis. The cell uses UPR activation to reduce protein synthesis via PERK phosphorylation. This is an antidefense mechanism for the cell, as a reduction in protein synthesis limits the replication of the invading viruses 33 . It is possible that signaling systems that activate PI3K act as a signal for the cell to differentiate the ER stress caused by metabolic processes from other ER stress-causing pathological conditions and help the cell to continue with the required metabolic machinery.
Indeed, in WT mice, where insulin receptor signaling is intact, p85 binds XBP-1s and increases its nuclear translocation. Concomitant with XBP-1s transport to the nucleus, chaperones are upregulated and ER stress is resolved without considerable activation of PERK. However, in an insulin-resistant condition, such as in the ob/ob mice, refeeding and metabolic overload cannot induce association of p85 with XBP-1s, and there is a severe defect in XBP-1s translocation to the nucleus. Consequently, chaperones are not upregulated and the ER cannot cope with the increasing demand, which, in turn, leads to severe PERK phosphorylation and probably premature cessation of protein synthesis and augmentation of insulin resistance through the kinase activity of IRE1, which might contribute to the development of postprandial hyperglycemia and insulin resistance.
The mechanism presented in our current work shows that the intact response of p85 to insulin receptor signaling (that is, the loss of heterodimerization by p85α and p85β and their subsequent interaction with XBP-1s) is necessary for efficient functioning of the ER and for the necessary chaperone response during metabolic overload. Interference with this insulin-induced pathway may lead to a vicious cycle that accelerates the progression of insulin resistance to a more severe degree, ultimately leading to type 2 diabetes. More notably, our results further indicate that circumventing this vicious cycle by increasing the free amount of either isoform of p85 might provide a therapeutic approach for treatment of type 2 diabetes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
